We propose a mixture molecular resist system consisting of high and low molecular weight resins to achieve fine and high aspect ratio pattern fabrication by nanoimprint lithography. Poly-methyl methacrylate (PMMA) with molecular weights of 50,000 g/mol and that of 350,000 g/mol are mixed. Using the mixture polymer, thermal nanoimprint is examined. The resist system is good for easy deformation into narrow patterns by low-molecular-weight components and reinforces stiffness at the pattern's root portion against mold releasing defects by high molecular weight components. We confirm a fine pattern transfer using the proposed resist.
Introduction
Thermal nanoimprint lithography [1] is a promising technology for fine pattern transfer using various materials. Several applications that use new micro-nano structures have been studied, such as optical elements and bio-sensors. One promising application is fabricating a high aspect ratio structure that uses optical diffraction or resonance. The high aspect ratio structure also enhances the surface area, which is expected to improve the sensitivity of chemical sensing for bio-devices.
However, high-pressure imprinting is required for large deformation of polymers that induces defects by polymer breaking under mold releasing due to damages from resist deforming processes [2, 3] . A polymer with low molecular weight is easily deformed because the modulus is low; however, a polymer with low molecular weight is brittle and easily broken by tensile stress. On the other hand, a high-molecular-weight polymer is hardly deformed but secure. So, choosing the molecular weight of a polymer is essential for suspenseful thermal nanoimprinting.
To solve this problem, we proposed a multi-layered resist system consisting of low-and high-molecular-weight polymers and showed that it had a high aspect ratio pattern transfer under low imprinting pressure [4] . With the multi-layered resist, deformability is enhanced by a lowmolecular-weight polymer in the upper layer, and the strength at the pattern's root portion is enhanced by a high-molecular-weight polymer in the lower layer, simultaneously. We successfully showed imprinting of a high-aspect-ratio pattern under low pressure without fatal defects. However, the multi-layered resist system is not suitable for production because the total turn-around time is extended for the multiple coating of resists.
Based on the multi-layered resist system, we propose a mixture-molecular-weight resist system that combines multiple molecular weight polymers to realize high aspect ratio patterns and provides a simple process for high aspect ratio patterns.
In this paper, the filling property and defects after mold releasing are experimentally examined in various pattern feature sizes. Figure 1 shows a schematic of the mixture-molecular-weight resist system. The resist is a mixture of low-and high-molecular-weight polymers. We reported a similar system for a thinner residual-layer process in nanoimprints [5] . st filling into a fine and high-aspect-ratio pattern.
Mixture molecular weight resist system
In this paper, we studied resi Poly-methyl methacrylate (PMMA) polymers (Sigma Aldrich Co.) were used for high-aspect-ratio pattern fabrication. The PMMA resist was spin-coated on the Si substrate and thermal nanoimprinting was performed. In this process, we expect a polymer with small molecular weight to easily fill the narrow cavity of the mold pattern because the modulus is low. On the other hand, a polymer with high molecular weight is hardly filled, stays at the base of the cavity, increases the critical stretching strength, and eliminates failure in the mold-releasing process. As a result, a fine and high-aspect-ratio pattern was successfully transferred at low pressure. We chose 50 kg/mol PMMA as a low-molecular-weight polymer and 350 kg/mol PMMA for high molecular weight. The radii of the polymers for Mw=50 and Mw=350 kg/mol are approximately 4 and 8 nm, respectively [6, 7] . The effect of the mixture-molecular-weight resist is expected to be aroun le
Sample preparation and measur mechanical property of the resists
The examined resists are shown in Table 1 .
Samples A, C, and F are conventional PMMAs with a single molecular weight, where average molecular weights are 350, 120, and 50 kg/mol, respectively. Samples B, D and E are mixture-molecular-weight resist systems, which are combinations of PMMAs with a single molecular weight. The rates are listed in Table 1 , where the nominal molecular weight of the mixture-molecular-weight system means the simple weight average of the mixed-molecular-weight polymers. Mechanical properties such as visco-elasticity strongly affect polymer deformation [8, 9] . To verify the mechanical properties of PMMA, we measured visco-elastic modules using a rheometer (Model MCR301, Anton Paar Co.). The samples were 2 cm in diameter with 2-mm thick disks, which were molded by a hot press using PMMA powders. The thickness of the sample was typical fo Figure 2 a) shows the storage modulus G' for each sample. As the nominal molecular weight decreases, the modulus decreases. From these results, the mechanical characteristics of the with low-and high-molecule p t polymers transition slightly at lower temperature.
4.
molecular w conditions fo he critical ability of each resist.
nd the resist erformances hardly distinguishable. mixture-molecular-weight resist system are simply expressed by the nominal molecular weight and cannot identify the features of the multiple components olymers. Figure 2 b) shows the loss tangent (tan ) for each sample. From the mechanical point of view, the PMMA resists show visco-elasticity over around 100 °C, where the transition in physical property begins to be modulated. Lower-molecular-weigh
Experiments
To investigate the effects of the proposed system, we examined the fine-pattern transfer by nanoimprinting for various line widths and studied pattern shapes after mold releasing. For nanoimprints, the PMMA powders were diluted with cyclohexanone. After they were spin-coated on the substrate, the samples were baked for 10 min at 150 °C to evaporate the solvent. We prepared 200-, 80-, and 20-nm line patterns to investigate the effects of the mixture eight resist system shown in Fig. 3 . The thermal nanoimprints were performed using a MNI-X thermal nanoimprint tool (Maruni Co.). The mold was pressed at the process temperature for 5 min. After pressing, the sample was cooled to room temperature for 15 min and the mold was carefully removed by a semi-automatic mold-releasing machine (in-house) that pulls off the mold from the substrate in the vertical direction. The process temperature and pressure r each experiment are shown below.
To confirm the deforming property of the resists, the process conditions are carefully chosen based on the rheological measurements, where the resists are not easily deformed. Hence, we used a temperature and pressure that were lower than normal to distinguish t 1. Thermal nanoimprint for 200-nm lines Figure 4 shows the scanning electron microscopy (SEM) views of the experimental results for 200-nm lines at T=120 °C and P=10 MPa using Samples A (Mw=350 kg/mol), C (Mw=120 kg/mol), F (Mw=50 kg/mol), and E (Mw=350 kg/mol:25% + Mw=50 kg/mol:75%). The nominal average molecular weight of Sample E is 125 kg/mol, where the shear modulus of the polymer decreases around 2 decades from the plastic state below Tg. If the imprint temperature and/or pressure are higher than the above, the samples are completely deformed a p 1 μm ight be much larger than the olecular size. 99 J. Photopolym. Sci. Technol., Vol. 26, No. 1, 2013 e As the molecular weight increases, the polymer does not easily fill the mold pattern, which is consistent with the measured visc0 elastic properties (Fig. 2) . Figure 5 shows the heights of the measured pattern after mold releasing. As the molecular weight of the resist increases, the pattern heights decrease after filling, and the effects of the mixture-molecular-weight resist do not appear under this condition. T continuum material as with Sample C, because the pattern width m 
Thermal nanoimprint for 80-nm lines
To confirm the effects of the mixture molecular weight resist, we examine a nanoimprint for narrow lines at 130 °C, because higher temperature is required to deform narrower patterns. Figure 6 shows the SEM views of the experimental results for the 80-nm lines at T=130 °C and P=10 MPa using the same resists discussed above. Figure 7 also shows leasing. Sample A, which is a high-molecular-weight polymer, is not deformed well because the modulus of the polymer is large. Sample F, which is the lowest-molecular-weight polymer, is fractured at the root portion of the pattern because a low molecular weight polymer is oken at the mold-releasing process.
A difference clearly appears for equivalent nominal molecular weight Samples C and E. Sample E, which is the mixture-molecular-weight resist, fills the mold pattern better than Sample C. This is because the lower-molecular-weight polymer might fill the top portion of the narrow pattern because the modulus of viscosity is low in Sample E. Also, the higher-molecular-weightpolymer stays at the root portion of the pattern and reinforce the resist old-releasing defects.
On the other hand, Sample C does not sufficiently fill the mold pattern because the viscosity is higher than t m Figure 6 . Results of various molecular weight resists for 80-nm lines. For all samples, the press temperature is 130 °C and the pressure is 10 MPa.
3. Thermal nanoimprint for 20-nm lines
To examine the effect of the mixture system, we investigated the nanoimprint for 20-nm lines. In this experiment, the Si mold was oxidized to narrow the pattern width and obtain fine cavities 20 nm in line width. The edge of the mold patterns was rounded around 100 nm in radius as shown in Fig. 3 c) , which could avoid defects due to stress concentration at the edges. The press temperature is 130 °C and the pressure is 10 MPa.
As the line width is narrow and the aspect ratio is very high, the resists would hardly fill the mold cavity, and it would be difficult to distinguish the differences of the resists under low pressure and temperature. So, we chose an imprint temperature of 170 °C and pressure of 20 MPa, which is thought to be enough for resist filling. Figure 8 shows the SEM views of the experimental results. The measured pattern heights after mold releasing are shown in Fig. 9 . The pattern height of Sample F is about 110 nm, which includes the rounded area around 100 nm. The pattern is almost broken at the top portion of the pattern. Also, the pattern height of Sample C is about 110 nm, which must be broken at the top portion of the pattern over 100 nm in height. On the other hand, Sample E is around 260 nm in height. The fracture at the root portion of the pattern might be eliminated by reinforced resist due to a high-molecular-weight polymer, and a low-molecular-weight polymer might successfully fill the narrow pattern.
This result shows that the Sample E enhances strength for mold releasing process. The proposed resist system is effective for fine pattern fabrication, because the strength at the cavity edge regions is enhanced even if the average nominal molecular weight is equivalent. . Measured pattern height for 20-nm lines for various resists after nanoimprint. The press temperature is 170 °C and the pressure is 20 MPa.
Evaluation of resist filling into narrow cavity
To confirm that the lower-molecular-weight polymer is filled into the pattern, the 20-nm resist pattern was dissolved to distinguish the higher-molecular-weight polymer from the lower one. Figure 10 shows the solving characteristics of the samples using methyl isobutyl ketone (MIBK) diluted with isopropyl alcohol (IPA). Sample A (Mw=350 kg/mol) was hardly dissolved. On the other hand, Samples C (Mw=120 kg/mol) and F (Mw=50 kg/mol) were slowly dissolved by the diluted MIBK. The dissolution ratio of samples A and F for the diluted MIBK solvent are found to be 0.02 nm/s and 0.18 nm/s, respectively. Using the diluted MIBK solvent, the imprinted resist patterns shown in Figs. 8(b) and (c) were dissolved to remove the low-molecular-weight polymer. Figure 11 shows the result after dissolution by diluted MIBK for 80 s. Sample C, which consists of a single molecular weight of 120 kg/mol, was dissolved and the patterns disappeared as shown in Fig. 11(a) . On the other hand, the root portion of the mixture-molecular-weight resist Sample E remains after dissolution as shown in Fig. 11(b) . This result shows that the component of the higher-molecular-weight PPMA polymer remains near the pattern's root as illustrated in Fig. 2 . As a result, the mixture-molecular-weight resist system successfully fabricated a high aspect ratio pattern. The effects of the mixture molecular resist system were confirmed experimentally in narrow patterns.
A low-molecular-weight polymer is easily filled into narrow pattern and a high-molecular-weight polymer stays at the base of the pattern. This was confirmed by removing the low-molecular-weight polymer from the imprinted pattern with a specific solvent. The low-molecular-weight polymer smoothly flows into a narrow cavity and the high-molecular-weight polymer enhances the critical strength of the pattern. The effectiveness of the system was confirmed under specific conditions below 20 nm in line width. We believe this system is promising for ultra-narrow and high-aspect-ratio pattern fabrication to avoid pattern damage. This system would also be effective for conventional pattern nanoimprinting to eliminate pattern defects.
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